IN THE INTACT HOST, the polymorphonuclear neutrophil (PMN) is a key component in host defense during acute bacterial infection (20) . In most patients, despite increased extravascular recruitment of PMN during infection, accelerated release of cells from the bone marrow increases circulating PMN numbers. However, in some patients, severe infection accompanied by sepsis and septic shock can be associated with reductions in circulating PMNs and a worsened outcome (1, 13) . Understanding the causes of such reductions may provide measures to improve treatment and outcome in these patients.
Granulocyte colony-stimulating factor (G-CSF) regulates PMN production and function (21, 24) . In the normal host, increased production of G-CSF appears central in the recruitment and stimulation of circulating PMNs at sites of infection. Levels of both G-CSF and circulating PMN have been shown to increase acutely during bacterial infection. Reductions or inhibition of G-CSF decrease neutrophil release from the bone marrow and worsen host defense and outcome. Whether reductions in circulating PMN in patients with severe infection and sepsis are related to insufficient release of host G-CSF is not clear.
In this investigation, we studied the relationship between decreased circulating PMNs and serum G-CSF levels as well as the effects of supplementing the host G-CSF response with recombinant G-CSF at the onset of lethal Escherichia coli (E. coli) sepsis. We used an extensively validated antibiotic-treated canine model of lethal intraperitoneal E. coli sepsis. In this model, infected animals present a pattern and time course of bacterial and host mediator release as well as cardiovascular and pulmonary dysfunction similar to that observed in humans with sepsis (5, 17) . After the onset of sepsis in this model, circulating PMNs are decreased in nonsurvivors compared with survivors (17) . In addition, the therapeutic use of antibiotics and fluid, a routine practice in intensive care units, has been shown to improve the survival of infected animals (18) . With the use of this same model, we showed previously that administration of recombinant G-CSF before the onset of sepsis caused marked increases in PMN during sepsis and increased hemodynamic function and survival (6) .
METHODS
To evaluate the effect of supplementing host G-CSF on circulating PMN during lethal E. coli sepsis, we conducted two experiments. In the first experiment, we studied endogenous G-CSF and PMN levels, and in the second, we administered recombinant G-CSF in canines challenged with E. coli-impregnated thrombin-fibrin clots placed surgically in the peritoneum.
Animal Care
The protocol used in this study was approved by the Animal Care and Use Committee of the Clinical Center of the National Institutes of Health.
Experiment 1
In canines receiving either sterile (n ϭ 10) or E. coliinfected (n ϭ 17) clots, G-CSF and circulating and lung lavage PMN levels and hemodynamics were determined. In all animals, 7 days before and 1, 2, 4, and 24 days after clot placement, complete and differential blood counts (CBC; ZB1, Coulter Electronics, Hialeah, FL, and Wright stain) were measured, and blood cultures were obtained (5, 17) . In addition, on these same days as well as 1 h before and at 2-to 4-h intervals up to 12 h after sterile or E. coli-infected clot placement, plasma endotoxin [detection sensitivity 0.1 endotoxin U/ml (EU/ml)] and serum tumor necrosis factor (TNF; detection sensitivity 0.5 pg/ml) and G-CSF levels were determined (5, 6). G-CSF levels were measured using a modification of the NFS-60 bioassay (2) . Aliquots of serum were taken from dogs at various time points after inoculation and were mixed with NSF-60 cells in thymidine-free medium, either with or without polyclonal rabbit antibody to recombinant G-CSF, and incubated at 37°C in 5% CO 2. Then 1 Ci of [ 3 H]thymidine was added for 4-6 h to the wells; cells were harvested, and counts were determined by liquid scintillation. Antibody-inhibitable counts were determined from a standard recombinant canine G-CSF dose-response curve, and the concentration of canine G-CSF was interpolated for each sample.
Experiment 2
Canines receiving either sterile (n ϭ 8) or E. coli-infected clot (n ϭ 24) were randomized to receive control protein or low-or high-dose canine recombinant G-CSF. All animals had circulating and lung lavage PMN levels and hemodynamics determined. Blood samples were drawn for cultures 7 days before and 1, 2, 4, and 21 days after clot placement. In addition, in all animals on these same days as well as 1 h before and at 2-to 4-h intervals up to 12 h after clot placement, blood was drawn for CBCs and plasma endotoxin and serum TNF levels.
Immediately after sterile or E. coli-infected clot implantation, animals were randomized to begin treatment with either canine recombinant G-CSF or control protein. In the low-dose regimen protocol, animals were treated with G-CSF or control protein 40 g/kg body wt sc every 12 h for 2 days and then every 24 h for 2 days. In the high-dose regimen protocol, animals were treated with G-CSF or control protein 40 g/kg body wt via both subcutaneous and intravenous routes (total G-CSF or control protein 80 g ⅐ kg Ϫ1 ⅐ dose
Ϫ1
) at the same time points as the low-dose regimen. These doses were chosen, based on pharmacokinetic data, to simulate the high levels of host G-CSF noted in septic animals in experiment 1 (14) . In addition, daily prophylactic administration of G-CSF over 7 days resulting in cumulative doses comparable to the individual ones used in this study had been shown to increase neutrophil numbers during sepsis and to be protective in this canine model (6) . The canine recombinant G-CSF used in this study was supplied by Amgen (Thousand Oaks, CA) and was prepared as previously described (6) . Control animals received canine serum protein.
Infected and Sterile Clot Implantation
In both experiments 1 and 2, 2-yr-old purpose-bred beagles (8-12 kg) had surgical intraperitoneal placement of either a thrombin-fibrin clot infected with E. coli 0111 (1.5 ϫ 10 10 colony-forming U/kg body wt) or a sterile thrombin-fibrin clot (5, 17) . Clot implantation was performed under general anesthesia and required 30 to 60 min. All further studies were performed in awake animals with local anesthesia for procedures. All animals were treated with ceftriaxone (100 mg/kg every 24 h iv) starting 6 h after sterile or infected clot placement for a total of 5 days.
Catheter Placement and Hemodynamic and Laboratory Measures
In both experiments, 7 days before and 1, 2, 4, and 21 days after clot placement, awake animals had femoral and pulmonary arterial catheters placed, using local anesthesia (1% lidocaine) (5, 17) . After this, intravascular catheter hemodynamics, arterial and mixed venous blood gas determinations, and radionuclide cineangiographic left ventricular ejection fractions (LVEFs) were performed before and immediately after each of two sequential volume challenges (15 and 45 ml/kg body wt of Ringer solution warmed to 37°C and infused over 15 and 45 min, respectively). Hemodynamic measures included intravascular systemic and pulmonary arterial pressure determinations and thermodilution cardiac outputs. Body temperature was measured using the pulmonary artery catheter, and hemodynamic data were indexed by body weight. LVEF measurements were performed before the initial volume infusion and after the final one. Arterial and mixed venous blood samples were analyzed with a Radiometer ABL-300 blood gas analyzer (Copenhagen, Denmark). Alveolar-to-arterial oxygen gradients were calculated. In addition, routine chemistries, lactate, and liver function tests were measured. Catheters were removed at the end of each study day. Additional volume infusions (Ringer, 50 ml/kg body wt) were administered to all animals 2 and 6 h after clot placement to maintain hydration.
Tracheostomy and Bronchoalveolar Lavage
In all studies, 14 days before clot placement, animals had a permanent tracheostomy surgically constructed under general anesthesia as previously described (4). The tracheal stoma was allowed to mature for 7 days before initiation of studies. Seven days before and 1, 2, 4, and 21 days after clot placement, animals underwent bronchoalveolar lavage (BAL). This was performed via the tracheal stoma in awake animals with topical anesthesia (1% lidocaine). BAL cell counts and differentials and protein determinations were obtained as previously described (3) .
Statistics
Survival data were analyzed using a two-sample Wilcoxon test (26) . Cardiopulmonary, BAL, and laboratory data were analyzed using ANOVA (25) . In experiment 1, baseline data were analyzed using a one-way ANOVA controlling for study group. To examine changes over time, two additional effects were added to the ANOVA model, dog and time, as well as all interaction terms including time. All interaction terms involving dog were pooled to form the error term in the ANOVA. In experiment 2, baseline data were analyzed using an ANOVA with two main effects, infection (septic and sterile clot) and dose of G-CSF (control, low, and high dose), and the interaction between these two main effects. As in experiment 1, the effect of time is examined by adding both dog and time main effects to the model and all interactions involving time. When no significant differences were observed between the low-and high-dose groups of G-CSF, these groups were combined to increase the power of the experiment to find G-CSF effects.
RESULTS

Experiment 1: G-CSF and PMN Levels During Lethal E. coli Sepsis
Clinical findings. Seven of 17 infected animals and no noninfected controls died after clot placement (P Ͻ 0.01) (Fig. 1) . Infected animals demonstrated signs of sepsis, i.e., weakness and lethargy. Noninfected controls appeared well throughout.
Serum G-CSF. At baseline before clot placement, circulating G-CSF levels did not differ significantly (P ϭ NS) among study groups. Within 10 to 12 h following clot placement, both infected survivors and nonsurvivors had marked increases (P Ͻ 0.001) in serum G-CSF levels compared with noninfected controls (Table 1) . At recovery, G-CSF levels in infected surviving animals were similar to noninfected controls and baseline (both P ϭ NS; Table 1 ).
Circulating PMNs. At baseline before clot placement, circulating PMN numbers did not differ significantly (P ϭ NS) among study groups. Noninfected control animals had increases in PMN that were maximal at 24 h and then decreased at 48 h after clot placement ( Table 2, Fig. 2 ). Infected survivors, in a pattern that was different (P ϭ 0.06) compared with noninfected controls, had increases in PMNs that were not maximal until 48 h after clot placement. Infected nonsurvivors had PMN levels that decreased and were Values are means Ϯ SE. * P Ͻ 0.001. P value compares infected survivors and nonsurvivors to noninfected controls. G-CSF, granulocyte colony-stimulating factor (ng/ml).
lower (P ϭ 0.006) compared with noninfected controls and infected survivors at both 24 and 48 h after clot placement. At recovery, circulating PMNs in infected surviving animals were similar to noninfected controls and baseline (both P ϭ NS). Other circulating cells did not differ (P ϭ NS) comparing infected and control animals at any time during the study.
Cardiopulmonary changes. At baseline before clot placement, circulating cardiopulmonary parameters did not differ significantly (P ϭ NS) among study groups. Twenty-four to 48 h following clot placement, infected animals compared with controls had significant decreases in mean arterial pressure (MAP; P Ͻ 0.01) (Table 3) , LVEF (P Ͻ 0.01; Table 3 ), cardiac index (CI; P Ͻ 0.02) (Table 3) , and arterial oxygen pressure (Pa O 2 ; P Ͻ 0.05) ( Table 4 ) and increases in BAL PMNs (P Ͻ 0.05) ( Table 4) . At recovery, all parameters in infected surviving animals were similar (P ϭ NS) to noninfected controls.
Other laboratory data. At baseline before clot placement, laboratory data did not differ significantly (P ϭ NS) among study groups. After clot placement, blood cultures were positive for E. coli in infected animals but not uninfected controls. Plasma endotoxin (EU/ml) and serum TNF (pg/ml) levels (mean peak levels Ϯ SE, calculated based on the maximal measure noted in each animal), respectively, were increased in infected survivors (41 Ϯ 1 and 191 Ϯ 75) and infected nonsurvivors (1,018 Ϯ 303 and 228 Ϯ 107) compared with noninfected controls (1 Ϯ 1 and 2 Ϯ 1) up to 48 h after clot placement (P Ͻ 0.001 for both). Compared with infected survivors, infected nonsurvivors had significant (P Ͻ 0.05; data not shown) increases in plasma endotoxin levels. All other laboratory data did not differ significantly (P ϭ NS) between groups at any time during study.
Experiment 2: Recombinant G-CSF Administration During Lethal E. coli Sepsis
Clinical findings. All animals receiving sterile noninfected clot (n ϭ 8) survived. Among the low-dose regimen (40 g ⅐ kg Ϫ1 ⅐ dose Ϫ1 ) animals challenged with E. coli-infected clot, mortality rates were similar in both control protein and G-CSF groups (2 of 6 animals in each; P ϭ NS) (Fig. 3) . In the high-dose regimen (80
) animals, G-CSF resulted in a trend toward increased mortality rates compared with the control protein group (4 of 6 vs. 1 of 6, respectively; P ϭ 0.1 Wilcoxon for harm).
Circulating PMNs. At baseline before clot placement, circulating cell numbers did not differ significantly (P ϭ NS) among study groups. In noninfected animals receiving control protein, clot placement was associated with increases in circulating PMN that were maximal at 24 h (Table 5) . With control protein, PMN 2 to 24 h after clot placement in infected survivors and nonsurvivors was decreased compared with noninfected controls (P Ͻ 0.01; Table 5 ). Both regimens of G-CSF produced similar (P ϭ NS; Table 5 ) changes in PMN within either noninfected controls, infected survivors or nonsurvivors. Therefore, results with the two G-CSF regimens in each of these groups were combined to increase the likelihood of detecting significant effects with G-CSF. From 2 to 48 h after clot placement, G-CSF produced large increases in PMN in noninfected controls, smaller increases in infected survivors, and decreases in infected nonsurvivors (Table 5 , Fig. 4) . The effects of G-CSF on changes in PMN number over this time period comparing these groups were ordered (noninfected controls Ͼ infected survivors Ͼ infected nonsurvivors, P ϭ 0.03). Circulating PMN in infected survivors was lower (P ϭ 0.01) than control protein-treated noninfected controls from 2 to 48 h following clot placement (Table 5 , Fig. 4) . Cardiopulmonary changes. At baseline before clot placement, cardiopulmonary parameters did not differ significantly (P ϭ NS) among study groups. After clot placement at 24 and 48 h, compared with noninfected controls, all animals receiving an E. coli-infected clot exhibited decreases in MAP (P ϭ 0.03; Table 6 ), LVEF (P ϭ 0.0001; Table 6 ), CI (P ϭ 0.004; Table 6 ), and Pa O 2 (P ϭ 0.002; Table 7 ) and increases in BAL PMN concentrations (P ϭ 0.05; Table 7 ). Compared with control protein, G-CSF had no different effect (P ϭ NS) on cardiopulmonary and BAL parameters in either noninfected-or infected-clot animals at any time during the study.
Laboratory analysis. At baseline before clot placement, all laboratory parameters as outlined in METHODS did not differ significantly (P ϭ NS) among study groups. After E. coli-infected clot placement in animals, there were significant increases in blood bacteria counts and plasma endotoxin and serum TNF levels compared with sterile clot animals (all P ϭ 0.001, data not shown). G-CSF did not produce significant (P ϭ NS) changes in any laboratory parameter besides circulating PMN.
DISCUSSION
The findings from this study suggest that insufficient host G-CSF is not the reason why the number of circulating PMN is reduced during E. coli sepsis in this canine model. We found that infected clot placement was associated with marked increases in serum G-CSF levels by 10 to 12 h. Despite these early increases in serum G-CSF, infection was associated with delayed increases in PMN in survivors and decreases in PMN in nonsurvivors. We then investigated whether increasing serum G-CSF levels earlier or for a longer duration would increase circulating PMN in the model and change outcome. High doses (40 or 80 g/kg) of recombinant G-CSF were administered at the onset of sepsis and for up to 96 h during the time of maximum sepsis. Treatment with G-CSF did produce a small increase in PMN in infected survivors. However, these increases were not as great as changes with G-CSF in noninfected controls nor were they as high as increases noted in control protein-treated noninfected animals. Furthermore, G-CSF treatment resulted in paradoxical reductions in PMN in infected nonsurvivors, and in the highest dose, it was associated with a trend toward worsened mortality rate. Thus factors other than insufficient G-CSF appear to result in the reduced circulating PMN noted in this model.
One possibility is that sepsis suppresses bone marrow release of PMN. However, kinetic studies have shown that the acute stages of lethal bacterial infection in canines were associated with marked increases in bone marrow release of neutrophils (15) . Furthermore, in infected animals in the present study, treatment with G-CSF in survivors was associated with additional small increases in PMN, suggesting the presence of a marrow still responsive to stimulatory agents. Alternatively in this model, one could postulate that despite additional exogenous G-CSF, extravascular uptake of PMN might have surpassed the marrow's ability to maintain circulating PMN levels. This uptake may have occurred at the site of infection. The E. coli bacteria employed in this model has itself been shown to provide a strong stimulus for extravascular PMN recruitment (8) . Also, challenge in rats with E. coliimpregnated agar pellets intraperitoneally causes increased peritoneal neutrophil numbers that are augmented by pretreatments with G-CSF (3). Endotoxin and TNF, two mediators recognized to stimulate the activation and adhesion of PMN to vascular endothelium at sites of infection, were greatly increased in infected animals, more so in nonsurvivors than survivors (23) . The possibility that a decrease in circulating PMN is associated with increased intraperitoneal recruitment of PMN has been shown in other peritonitis models (27) . However, unlike the present investigation, in that study, G-CSF was given prophylactically and increased survival. Nevertheless, it is possible that (19) . Nevertheless, BAL PMN numbers did not differ in infected survivors and nonsurvivors nor were they altered by G-CSF treatment, suggesting that recruitment of PMN to noninfected organs does not contribute significantly to the reductions in circulating PMN number. Despite higher although not significantly different serum G-CSF levels, infected nonsurvivors had greater decreases in PMN levels than survivors. These differences may relate to the counterregulatory effects increased circulating PMNs have been shown to have on serum G-CSF levels in normal animals (13) . However, treatment with G-CSF in infected nonsurvivors was associated with further reductions in PMN. In combination, these findings raise the possibility that G-CSF may itself contribute to the reductions noted in circulating PMN when infection is most severe in this model. Both endotoxin and TNF, which were increased following the onset of sepsis and appeared higher in nonsurvivors than in survivors, have been shown to interact with G-CSF to increase PMN activation and adhesion (12, 16, (28) (29) (30) (31) . We previously showed in rats with E. coli pneumonia associated with endotoxemia and high TNF levels that G-CSF treatment reduced circulating PMN number and worsened tissue injury and survival rates (8, 11) . In contrast, in rats with S. aureus pneumonia and significantly lower serum TNF levels than with E. coli, G-CSF increased PMNs and survival. Of note in the present study was the trend toward increased mortality rate in E. coli-infected animals receiving the highest dose of G-CSF. Increased clearance of neutrophils related to mediators produced during E. coli infection in combination with G-CSF treatment may have worsened inflammatory tissue injury or further reduced host defense.
Results of some clinical studies of G-CSF raise the possibility that severity of infection may influence the effect of G-CSF on PMN. One group of investigators has shown that in septic patients, the response to G-CSF may vary according to the patient's Acute Physiology and Chronic Health Evaluation (APACHE II) score (6) . Patients with lower APACHE II scores had a good response to G-CSF, whereas those with higher APACHE II scores had a poor response. In addition, "good responders" to G-CSF had a 10% mortality rate, whereas "poor responders" had a 100% mortality rate. In a study by Gross-Weege et al. (10) , G-CSF administration produced greater increases in circulating PMN counts in 10 patients with the systemic inflammatory response without infection, all of whom survived, than in 10 patients with sepsis and infection, only six of whom survived. Nelson et al. (22) showed that in patients with community-acquired pneumonia resulting in a low mortality rate (9%), G-CSF caused significant increases in circulating PMN number. In our study, in infected survivors, G-CSF very modestly increased, but in infected nonsurvivors, it decreased circulating PMN in the setting of lethal E. coli sepsis. Taken together, these results suggest that the response to G-CSF during sepsis may relate, in part, to severity of illness and the predicted mortality of a given population.
In contrast to the present study, we previously showed that initiation of G-CSF treatment several days before infected clot placement in this canine model resulted in five-to sixfold increases in circulating PMN counts that were maintained with additional doses of G-CSF treatment during sepsis (6) . These increases in PMN were associated with reductions in bacteremia, endotoxemia, and TNF levels and improvements in cardiopulmonary function and survival in septic animals. Thus increasing bone marrow reserve with G-CSF in this model before the initiation of infection may have overcome reductions in circulating PMN related to the tissue uptake of cells and improved host defense and survival. A similar regimen of prophylactic G-CSF also increased circulating PMN and survival in canines challenged with intrabronchial E. coli (9) . Therefore, the timing of therapy with G-CSF in relationship to the onset of infection may impact the host's response to G-CSF.
In conclusion, insufficient levels of G-CSF do not appear to cause the decreases in circulating PMN in this canine model of lethal E. coli sepsis. The administration of G-CSF early during infection and for longer periods (96 h), although causing small increases in circulating PMN in survivors, did not improve overall survival rates and was associated with paradoxical reductions in PMN in nonsurvivors. Thus other factors associated with sepsis in this model, either alone or in combination with G-CSF itself, may reduce increases or cause decreases in circulating PMN. These findings suggest that in patients, augmenting a normal host G-CSF response following the onset of severe sepsis associated with reductions in circulating PMN may do little to improve overall outcome.
